Background: Colorectal cancer (CRC) is the third most common cancer and the fourth most common cause of cancer deaths globally. However, there is overwhelming evidence that a large proportion of CRC cases and deaths could be prevented by screening. Nevertheless, CRC screening programmes are offered in a minority of countries only and often suffer from low adherence. Discussion: Factors potentially accounting for hesitant implementation of and low adherence to CRC screening may include a lower attention in the public and the media than for other cancers and the fairly long follow-up time needed to fully disclose screening effects on CRC incidence and mortality. The latter results from the very slow development of most CRCs through the adenoma-carcinoma sequence, and it challenges the predominant or even exclusive reliance on evidence from randomized controlled trials in policy decisions on screening offers. Additional key elements of future research should include (1) studies evaluating diagnostic performance of novel biomarkers for non-invasive or minimally invasive CRC screening in true screening settings, (2) modelling studies evaluating expected short-and long-term impact, effectiveness, and cost-effectiveness of various screening options, and (3) timely and close monitoring of process quality and outcomes of existing and planned CRC screening programmes. Most importantly, however, translation of the vast existing evidence on CRC screening into actual screening programmes with the best possible levels of adherence needs to be fostered. This can be best achieved in the context of organized programmes. Depending on available infrastructure and resources, epidemiological patterns, population preferences, and costs, different screening offers might be preferred. According to current evidence, colonoscopy, flexible sigmoidoscopy, and faecal occult blood tests (preferably faecal immunochemical tests) are prime candidates for effective and cost-effective screening options, and microsimulation models should help to tailor their implementation. Summary: The strong evidence for the large potential of CRC screening in reducing the burden of CRC calls for timely implementation of organized screening programmes where they are not in place yet, and for continuous improvement of existing ones. This should be considered an obligation that is not to be postponed: the time to act is now.
Background
Colorectal cancer (CRC) is the third most common cancer and the fourth most common cause of cancer deaths globally, accounting for approximately 1.4 million new cases and 700,000 deaths every year [1] . Incidence is particularly high in developed countries; in Europe, CRC is the second most common cancer. With approximately 450,000 new cases per year, case numbers are only slightly lower than those of breast cancer patients. There is meanwhile overwhelming evidence from both randomized controlled trials (RCTs) and epidemiological studies that a large proportion of CRC cases and deaths could be prevented by screening with early detection and removal of colorectal adenomas or early stage CRC [2] [3] [4] . There is also overwhelming evidence that CRC screening by either faecal occult blood test (FOBT), flexible sigmoidoscopy, or colonoscopy is both effective and cost-effective, even though uncertainty remains about which of the screening options would be the most cost-effective one [5] . Nevertheless, CRC screening programmes continue to be offered in a minority of countries only [6] , and where they are offered there is often much room for enhancing screening offers and adherence. The aim of this article is to review potential reasons for this major translational gap, and to discuss implications for further research and practice.
Discussion
Barriers hindering or delaying implementation of and adherence to CRC screening Several factors may have accounted for the reluctance to implement (at the national, regional, or health system level) and to adhere (at the individual level) to effective CRC screening programmes. First, despite its frequency and public health importance, CRC is a cancer that might attract less attention than other cancers in the public and the media. With a median age close to 70 years in many high income countries, it mainly affects older adults, and the organ affected may be less popular for media campaigns and other public relations activities than other organs. Second, until recently, apart from FOBT screening [2] , evidence on the effectiveness of CRC screening has not been available from long-term RCTs [7] [8] [9] [10] , and no such evidence will be available for screening colonoscopy, probably the most effective screening examination, for many years to come. Third, scientists are often very focused on dissemination of their results in the scientific community, with less attention to disseminating practically relevant findings, such as the available convincing evidence on effectiveness of CRC screening, to the public and health policymakers or to fostering translation into applied measures of prevention. Fourth, politicians, healthcare stakeholders, and healthcare providers may tend to focus on measures that pay off in the short run, whereas most of the major benefits of CRC screening in terms of prevented CRC cases and deaths and of monetary savings from prevented treatment costs are to be expected in the long run only. Finally, necessary resources and infrastructure, e.g. for high quality colonoscopy and for monitoring of programme performance, continue to be limited in many countries.
Specific chances and challenges resulting from the natural history of CRC A specific characteristic of CRC is the very slow development of most cases through the adenoma-carcinoma sequence, which often takes decades. For example, average annual transition rates from advanced adenomas to preclinical CRC and from preclinical CRC to clinically manifest CRC have been estimated in the order of <5 % and 20 %, which translates to mean sojourn times of advanced adenomas and preclinical CRC in the order of >20 and 5 years, respectively [11, 12] .
This slow development opens specific benefits such as retardation of clinical manifestation of the disease into older ages and a broad time window for detecting and removing adenomas and preclinical CRC. On the other hand, this characteristic also results in specific challenges: first, it will take several years if not decades until the full effects of screening can be demonstrated by RCTs or prospective cohort studies. For example, despite RCTs on CRC screening by FOBT having been initiated since the 1970s, full disclosure of screening effects is ongoing in the second decade of the 21st century [3, 13] . In the RCTs on screening by flexible sigmoidoscopy, the reduction of CRC incidence and mortality only became manifest after 10 or more years of follow-up (typically 15+ years after start of recruitment) [4] , whereas an earlier interim analysis of one of the trials conducted after 7 years of follow-up had essentially yielded negative results [14] .
Epidemiological studies and indirect evidence from sigmoidoscopy trials suggest that still substantially larger effects may be achieved by screening colonoscopy. However, the only RCT designed to assess reduction of CRC incidence and mortality by screening colonoscopy completed recruitment only recently [15] , and main results after 15 years of follow-up will only become available around 2030. In an era of widespread use of colonoscopy for diagnostic purposes that takes place in many Western countries and has similar protective effects as screening colonoscopy (through detection and removal of adenomas and preclinical CRC), substantial proportions of the control group of a colonoscopy screening trial can be expected to have a colonoscopy during follow-up. Such "contamination" was already a major issue in the earlier flexible sigmoidoscopy trials [9] . If not addressed in the analyses, major contamination in the control group will lead to strong underestimation of effects in screening trials [16] . Thus, while the principle effectiveness of screening colonoscopy in reducing CRC mortality is extremely likely to be formally established by RCT evidence, the estimated magnitude of the risk reduction will be at least difficult to interpret and to generalize. Furthermore, novel biomarker tests, endoscopic technology, and training are developing rapidly. Hence, RCT results of screening colonoscopy that pertain to colonoscopy technology and training standards in 2010 will be highly interesting but might be dispensable when main results will become available around 2030.
Likewise, since initiation of the large FOBT trials, which used guaiac-based FOBTs (gFOBTs), substantially improved FOBTs have been developed. In particular, fecal immunochemical tests (FITs) have been shown to achieve substantially higher sensitivity at comparable specificity for detecting colorectal adenomas and preclinical CRC [17, 18] . Under these circumstances, de novo initiation of RCTs demonstrating effectiveness or superiority of FITs and other novel biomarker tests in CRC screening that would take decades to complete would not be a reasonable option.
Implications for research and practice
Notwithstanding the undoubted importance of RCTs in demonstrating the principle effectiveness of medical interventions in general and screening in particular, the examples given above challenge the predominant or even exclusive reliance on evidence from RCTs as a basis for further progress in CRC screening. A complementary differentiated research agenda is required that should include, as a guideline, the following key elements:
Studies evaluating the diagnostic performance of novel biomarkers for non-invasive or minimally invasive early detection of colorectal adenomas and preclinical CRC, such as blood-, stool-, or urine-based biomarkers. Ideally, such studies should be conducted in a true screening setting among the target population of CRC screening, and include as reference a diagnostic gold standard and established non-invasive tests, such as gFOBT and FIT, for comparison. Examples include studies conducted among participants of screening colonoscopy with biospecimen collection prior to colonoscopy (e.g. [19, 20] ). Modelling studies evaluating the expected short-and long-term impact, effectiveness, and cost-effectiveness of various screening options in specific target populations for screening. Microsimulation models based on the natural history of CRC development are a particularly useful approach in this context [21, 22] . Apart from modelling overall effectiveness and cost-effectiveness of various screening methods, such approaches allow for comparative evaluation of specific design options of screening programmes, such as the start and end of screening offers at various ages, various screening intervals and follow-up schemes for surveillance after detection of colorectal adenomas, or various risk-adapted screening strategies based on a priori risk stratification. In an era of rapidly increasing cancer treatment costs, demonstration of cost-effectiveness or even cost-savings of CRC screening strategies could be particularly helpful for closing the translational gap between scientific evidence and practice of CRC screening [5] . Timely and close monitoring of process quality and outcomes of existing and newly introduced CRC screening programmes. Guidelines for quality assurance have been worked out in great detail [23] . Key components include monitoring of adherence to screening and surveillance offers, positivity rates, and diagnostic performance of screening tests, follow-up, and management of positive results, stage-specific detection rates, and outcomes of colorectal adenomas and preclinical CRC, but also potential complications associated with screening-induced diagnostic measures such as colonoscopy (e.g. [24] [25] [26] ). Timely and close monitoring of sex-and agespecific CRC incidence and mortality in the target population of screening based on data from population-based cancer registries and mortality statistics (e.g. [27, 28] ). Both time trend analyses assessing trends prior to and after implementation of screening programmes in specific populations as well as comparative analyses of CRC incidence and mortality between populations with differential screening coverage are of particular interest in this context, along with studies with direct linkage of screening and cancer registries [29] .
Most importantly, however, it is time to foster translation of the already available overwhelming evidence on the large potential of CRC screening into practice. This not only applies to the large number of high incidence countries where still no CRC screening programme is in place and introduction of CRC screening should have a high public health priority. There is also large potential to substantially increase the impact of CRC screening and further substantially reduce the burden of CRC incidence and mortality by enhancing adherence to screening offers. For example, model calculations have shown that most of the current CRC deaths in the United States are attributable to non-screening [30] , despite substantially higher screening (especially endoscopic screening) coverage than in other countries. It has furthermore been estimated that increasing screening rates in the United States from approximately 58 % in 2013 to 80 % in 2018 would result in a reduction of CRC incidence and mortality by 22 % and 30 %, respectively, from 2013 to 2030. These reductions would amount to a total of 277,000 averted new cancers and 203,000 averted CRC deaths from 2013 through 2030 [31] . Even substantially larger effects could be achieved in countries with much lower adherence rates, such as Germany, where screening colonoscopy has been offered since the end of 2002. Although this offer was used by only 20-25 % of those eligible within the initial 10 years after its introduction, it was estimated to have prevented approximately 180,000 new cases of CRC in the long run [32] . Experience from various countries shows that high adherence rates can be best achieved by offer of screening in the context of organized screening programmes with personal invitation, follow-up of invitees, and comprehensive concepts for quality assurance and programme evaluation.
Depending on availability of health care infrastructure and resources, epidemiological patterns, population preferences, and costs, different screening options might be preferred and offered in various countries. According to evidence available to date, colonoscopy, flexible sigmoidoscopy, and FOBTs would be prime candidates for effective and cost-effective screening options which might be offered as alternative or complementary screening offers, notwithstanding the lack of RCT results for colonoscopy which will not be available for many years. Regarding FOBTs, there is convincing evidence that quality-assured use of FIT should be preferred over the use of gFOBT [33] , despite restriction of direct evidence from RCTs for the latter. Apart from the choice of specific screening offers, numerous decisions have to be made, such as definition of the target population for screening, screening and surveillance intervals, and potential risk stratification in screening. Microsimulation models appear to be the most promising approach to make such decisions as evidence-based as possible and should be more widely used in this context. They might also be particularly helpful to the timely evaluation of the potential role of emerging novel non-or minimally-invasive screening tests or imaging technologies that might enhance the spectrum of effective and cost-effective screening options in the future.
Summary
The available evidence strongly suggests that there is a large but widely underused potential for CRC screening in reducing the burden of CRC incidence and mortality. It calls for timely implementation of organized screening programmes where they are not in place yet, and for continuous improvement of existing offers where such programmes exist. This should be considered an obligation that is not to be postponed: the time to act is now.
